Recently, high-speed micro-milling has attracted considerable attention for effectively manufacturing fine and precise machine components with lower cutting resistance. However, as the tool diameter is reduced, higher rotational speeds of the spindle become necessary for machining components at the optimal cutting speed. We propose a new machining method in which an end mill cutter is directly supported by aerostatic journal and thrust bearings, and driven by air turbines to achieve high rotational speeds. We found that the proposed micro end mill spindle with a 4 mm shank could rotate at 400,000 min -1 and cut grooves with depths of 30 µm to 40 µm on an aluminum alloy surface.
Introduction
Several machine tool companies provide ultraprecision machine tools that use aerostatic spindles because of their excellent accuracy of motion. These ultraprecision machine tools are used for manufacturing very precise and fine components such as micro-moldings, machine mirrors and small lenses. Takeoka et al. [1] investigated the cutting performance of an aerostatic spindle and reported the dynamic characteristics of an aerostatic spindle, the surface roughness of a workpiece and tool life when hardened steel was cut by a 2 mm diameter end mill at 28,000 min -1 . They concluded that the aerostatic spindle could produce better surface roughness and longer tool life than a conventional ball bearing spindle. However, finer and more precise machine components are currently required in microand mesoscale mechanical systems. Accordingly, high-speed micro-milling has attracted considerable attention for effectively manufacturing these components with lower cutting forces. To operate a micro end mill spindle with a tool diameter of less than 0.5 mm at the optimal cutting speed, rotational speeds of more than 200,000 min -1 are said to be necessary.
For such high-speed spindles, it is naturally expected that aerostatic bearings will be preferred. However, even with aerostatic bearings, it is very difficult to achieve more than 300,000 min -1 using the conventional spindle structure with a chuck for fixing an end mill tool to the shaft. Ziegert et al. [2] proposed an ultrahigh speed micro-milling spindle design concept using a friction wheel to increase the spindle rotational speed of a micro miller. They conducted a cutting test at 79,000 min -1 using tool diameters ranging from 127 to 762 µm, but could not increase the rotational speed beyond 79,000 min -1 . Jahanmir et al. [3] experimentally investigated the cutting performance of a micro end mill at 450,000 min -1 using aerodynamic foil bearings. They cut channels using 125 µm and 300 µm diameter end mills with various feed rates. They confirmed that high-speed milling allowed for increased feed rates and, thus, increased material removal rates, although slight burrs were observed at the channel edges in their experiments. In addition, they reported that the stiffness and damping coefficients of foil bearings largely depended on the assembly conditions of the individual bearings. Hikichi et al. [4] investigated aerostatic journal bearings that had relatively small ratios of bearing width to bearing diameter of less than 0.6. By shortening the bearing width, the inertia effect of the airflow in the axial direction becomes very large and increases the damping coefficient of the air film and the stability at high speeds as indicated by Mori et al. [5] . They reported that a 4 mm diameter shaft could be stably rotated at a speed of 1,200,000 min -1 .
In this paper, therefore, a new spindle structure using aerostatic journal and thrust bearings with a circumferential groove is proposed instead of foil bearings. In addition, in the proposed spindle structure, an end mill shank was directly supported by aerostatic journal bearings to avoid the use of a collet chuck and to increase the rotational speed of the shank. The objectives of this paper are as follows.
(1). To confirm the applicability of the proposed spindle structure to machine tools by measuring the static characteristics of the aerostatic journal bearings.
(2). To clarify the usefulness of the proposed structure by measuring the cutting force at speeds of 300,000 min -1 and 400,000 min -1 .
2. Proposed structure of the micromilling spindle 2.1 Dimensional accuracy of the end mill shank Figure 1 shows a photo of the microball end mill with 0.4 mm tool diameter, 4 mm shank diameter and two flutes. The material of the end mill was cemented carbide. Table 1 shows the measured diameters of three ball end mill shanks. Recently, shrink-fit chucks have commonly been used to fix a micro end mill to a rotating shaft and satisfy the demands of higher rotational speed and more precise manufacturing. Therefore, the end mill shank was manufactured with very high dimensional accuracy. As indicated in Table 1 , the accuracy of the diameter of end mill shanks was within 1 µm. In addition, the roundness of the end mill shank was around 0.6 µm, as seen in Fig. 2 . We therefore expected that we would be able to use the end mill shank as a shaft directly supported by aerostatic journal bearings. Figure 3 shows the proposed structure of the micro end mill spindle with the shank supported directly by aerostatic journal bearings. In this spindle, circumferentially grooved aerostatic journal and thrust bearings were used to increase the bearing stiffness and the threshold speed for instability. Yoshimoto et al. [6] investigated the threshold of instability of aerostatic journal bearings with a circumferential groove and confirmed that a shaft 12 mm in diameter could stably rotate at more than 300,000 min -1 . Seven aerostatic journal bearings and two aerostatic thrust bearings were installed in this spindle. As seen in Fig. 3 , an annular part with 12 air turbine buckets at the outer periphery was press-fitted onto the end mill shank, and the end mill shank was driven by air jet nozzles installed in the upper part of the spindle housing. The aerostatic thrust bearings were located on the upper and lower ends of this annular part.
Proposed structure of the micro end mill spindle
Figures 4 (a) and (b) show the geometrical configurations of the circumferentially grooved aerostatic journal and thrust bearings used in this paper. Figure 4 (c) shows a photo of the manufactured aerostatic journal and thrust bearings. These bearings were made of bronze. Table 2 shows the principal dimensions of the aerostatic journal and thrust bearings. The groove depth was 20 µm and the diameter of the eight feed holes was 0.4 mm. 
Static characteristics of the proposed spindle
Before conducting the cutting test, the static characteristics of the proposed spindle were experimentally investigated. When cutting a workpiece with an end mill, forces horizontal and vertical to the feed direction will be imposed on the end mill tip. shows the experimental test rig for measuring the shaft displacement under the load imposed in the feed direction. The position of the applied load is shown in Fig. 5 . The shaft displacement of 20 µm corresponds to the bearing clearance of the journal bearings and the shaft touches the bearing surface when the applied load is increased. The applied load was arbitrarily changed by adjusting the supply pressure to an air cylinder and the air cylinder shaft was supported by aerostatic journal bearings to eliminate any friction force. The load was imposed on the end mill shank through the cover as illustrated in Fig. 5 . The displacement was measured by an optic fiber displacement sensor. Figure 6 shows the relationship between the measured displacement of the end mill shank and the applied load when the supply pressure to the journal bearings was changed. The displacement increased almost linearly with the applied load, and at the displacement of 20 µm, the applied load reached around 0.9 to 1.3 N, although its value varied with the supply pressure. The static stiffness in the axial direction was numerically obtained due to the difficulty in experimentally measuring the axial stiffness. The numerical axial static stiffness was 0.36 N/µm at the bearing clearance of 20 µm. Figure 7 shows the experimental apparatus for measuring the cutting force of the end mill microspindle in the feed direction. An aerostatic slider was fixed on the worktable of a general-purpose milling machine with variable feed rates, and a workpiece made of aluminum alloy (A2024) was fixed on the aerostatic slider. A load cell with the resonant frequency of 455 Hz was connected to one end of the slider to measure the cutting force. The cutting test was conducted in one feed direction with the cutting depth, d c , around 40 µm. Figure 8 shows the amplitude of synchronous vibration of the end mill shank and the frequency spectrum at 400,000 min -1 during free rotation. The vibration amplitude was 10 µm, which was rather large, but this vibration amplitude might include the sensor noise of the optic fiber displacement sensor because this type of sensor measures the intensity of a reflected laser, which is affected by the surface condition of the end mill shank. In addition, the dynamic balancing of the spindle was not performed in this experiment due to its small size. The rotational speed was measured by the optical sensor indicated in Fig. 3 . There are two peaks in the frequency spectrum. The first corresponds to the resonant frequency of the bearing-shaft system and the second is related to the rotational speed. In ordinary fluid-film bearings, the threshold of instability occurs at twice the resonant frequency, called the half-frequency whirl, but in the proposed spindle, no threshold speed of instability was observed, even at speeds 14 times the first resonant frequency. This is because the inertia effect of the airflow in the bearing clearance effectively raises the threshold speed of instability. Figure 9 shows the experimental cutting forces in the feed direction for the feed speeds of 400 mm/min and 800 mm/min at the rotational speeds of 300,000 min -1 and 400,000 min -1 . The cutting force from one edge to the other edge of a workpiece of length 60 mm was continuously measured by the load cell attached to the aerostatic slider. In this figure, the cutting forces near the workpiece edge where the cutting process was finished are shown. The forces measured during cutting are indicated by arrows. As seen in this figure, the cutting forces dropped suddenly when the end mill reached the workpiece edge. The cutting depth shown in this figure was obtained by measuring a groove profile after cutting by a laser microscope, and was around 40 µm. The cutting force increased with the feed speed for constant rotational speed, and decreased with an increase in the rotational speed of Journal of Advanced Mechanical Design, Systems, and Manufacturing Vol. 6, No. 6, 2012 985 Fig. 9 Effect of feed speed on cutting force Fig. 10 Relationship between feed speed and cutting force the end mill, although larger fluctuation was observed at the higher feed speed. The cause of larger fluctuation at higher feed speed was considered to be mainly due to faster movement of the worktable of the milling machine because the fluctuation frequencies after cutting were very similar to those during cutting. In addition, an increase in the cutting force at higher feed speed also has the effect of raising the fluctuation amplitude. Figure 10 shows the relationship between the feed speed and the average cutting force for the rotational speeds of 300,000 min -1 and 400,000 min obtained by numerically integrating the experimental cutting force curve. The cutting depth values were manually adjusted and accordingly were slightly changed in each test as indicated in Fig. 10 . The cutting force increased almost linearly with the feed speed, and, remarkably, reduced with an increase in the rotational speed. At the feed speed of 1,000 mm/min, the cutting force for 400,000 min -1 showed around 0.035 N, which was 62% of the value for 300,000 min -1 . In addition, these cutting forces were very low compared with the load capacity of the proposed spindle indicated in Fig. 6 . Therefore, it was experimentally confirmed that the proposed spindle structure had sufficient load capacity to support the cutting force at high rotational speeds. Figure 11 shows a photo of a straight groove machined on the aluminum alloy surface by the proposed spindle at 400,000 min -1 and a feed speed of 1,000 mm/min. The cutting test was performed with no cutting oil. As this figure shows, the edge line of the machined groove showed a clear straight line with no burring. On the machined surface of the groove, a periodic pattern like a squamiform pattern was observed. Figure 12 shows the y-direction profile of the machined groove and the surface roughness of the bottom of the groove in the x-direction measured by a laser microscope. The groove depth was 42 µm and width 266 µm. In this figure, the theoretically obtained arcuate curve with 0.2 mm radius was also described for reference and it is seen that the groove profile nearly follows the theoretical arcuate curve. The surface roughness of the groove bottom, Rz, was 9.5 µm. Figure 13 shows the vibration amplitude of the shank during cutting and the frequency spectrum at 400,000 min -1 and the feed speed of 1,000 mm/min. Without cutting, as indicated in Fig. 8 , the value of the frequency spectrum at the first resonant frequency was very small compared with the rotational frequency, but during cutting, the end mill shank vibrated at the first resonant frequency. To improve the roughness of the machined surface, this vibration amplitude should be reduced.
Cutting performance of the proposed spindle

Conclusions
We have proposed a new structure for a micro end mill spindle in which the end mill shank is supported directly by aerostatic journal and thrust bearings, and we have conducted cutting tests using the proposed spindle. The following conclusions can be drawn.
(1). The rotational speed of 400,000 min -1 was achieved by supporting the end mill shank directly by the circumferentially grooved aerostatic journal and thrust bearings.
(2). The proposed spindle had a load capacity of 1.3 N for the supply pressure of 0.6 MPa (gauge pressure) when a load was imposed at the tip of the end mill cutter.
(3). The cutting force for the feed speed of 1,000 mm/min in the feed direction was around 0.035 N at the rotational speed of 400,000 min -1 with the cutting depth of around 40 µm and tool diameter of 0.4 mm. Thus, the proposed spindle had sufficient load capacity to support the cutting force in the feed direction.
(4). The surface roughness of machined grooves was around Rz = 10 µm and no burr was observed at the groove edges. 
